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Identification of a Novel Drosophila Opsin
Reveals Specific Patterning
of the R7 and R8 Photoreceptor Cells
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are sensitive to different ligands, different forms of rho-Christi L. Wideman, Steven M. Townson,
dopsin are maximally sensitive to different wavelengthsLinda V. Chadwell, and Steven G. Britt
of light. The expression of different forms of rhodopsinInstitute of Biotechnology and Department of
in different photoreceptor cells is the basis for colorMolecular Medicine
vision in humans, and in Drosophila provides the basisUniversity of Texas Health Science Center
for a novel experimental system for examining both theSan Antonio, Texas 78245
developmental and functional properties of the retina.
The compound eye of Drosophila is composed of
z800 ommatidia or unit eyes, each consisting of 22Summary
cells, including 8 neuronal photoreceptor cells (Wolff
and Ready, 1993). These include six outer photorecep-The function of the compound eye is dependent upon
tors, the R1–6 cells, and two central photoreceptor cells.a developmental program that specifies different cell
The R7 cell is located distally near the surface of thefates and directs the expression of spectrally distinct
eye, and R8 is located proximally, deeper within the eye,opsins in different photoreceptor cells. Rh5 is a novel
beneath the R7 cell. Four of the genes that encodeDrosophila opsin gene that encodes a biologically ac-
Drosophila opsins have been identified. The ninaE (Rh1)tive visual pigment that is expressed in a subset of R8
opsin gene encodes a blue sensitive pigment that is thephotoreceptor cells. Rh5 expression in the R8 cell of
major rhodopsin of the compound eye. It is expressed inan individual ommatidium is strictly coordinated with
the R1–6 class of photoreceptor cells, and was originallythe expression of Rh3, in the overlying R7 cell. In sev-
identified in a genetic screen for visual system mutantsenless mutant flies, which lack R7 photoreceptor cells,
(Scavarda et al., 1983; O’Tousa et al., 1985; Zuker et al.,the expression of the Rh5 protein in R8 cells is dis-
1985; Feiler et al., 1988). The Rh2 opsin gene encodesrupted, providing evidence for a specific develop-
a violet-sensitive pigment that is expressed in the ocelli,mental signal between the R7 and R8 cells that is
simple eyes located on the vertex of the head (Cowmanresponsible for the paired expression of opsin genes.
et al., 1986; Feiler et al., 1988; Pollack and Benzer, 1988).
The Rh3 and Rh4 opsin genes encode UV-sensitive pig-
Introduction ments that are expressed in nonoverlapping sets of R7
photoreceptor cells (Fryxell and Meyerowitz, 1987; Mon-
The nervous system has a remarkable ability to discrimi- tell et al., 1987; Zuker et al., 1987; Feiler et al., 1992).
nate between different stimuli, both at the level of the Rh3 is also expressed in a small specialized class of R8
organism as well as in individual neurons. Color discrimi- cells along the dorsal margin of the eye (Fortini and
nation is one of themost familiar examples of this capac- Rubin, 1990; Feiler et al., 1992). No opsin genes have
ity, and is dependent upon the expression of spectrally been identified that are expressed specifically in the R8
distinct forms of the visual pigment rhodopsin in differ- photoreceptor cells.
ent classes of photoreceptor cells (Jacobs, 1981; Har- The isolation of opsin genes expressed in the R8 pho-
die, 1985; Nathans et al., 1986a, 1986b, 1992). This toreceptor cells is of interest because these cells are
requires a developmental program that specifies differ- thought to express visual pigments with unique spectral
ences in cell fate and a collection of unique gene prod- and photochemical properties (Hardie, 1985). Such
ucts that confer different spectral sensitivities to each genes would thus contribute to our understanding of
type of photoreceptor cell. the structural basis for spectral sensitivity. In addition,
Rhodopsin, the light-sensitive pigment of the eye, is the R8 photoreceptor cells are the first cells to be re-
composed of an opsin apoprotein that is covalently cruited to a neural fate within the developing larval eye
attached to an 11-cis retinal chromophore (3-hydroxy- imaginal disc and they have been shown to play a crucial
11-cis retinal in Drosophila and other flies [Vogt, 1984; role in the recruitment of additional photoreceptor cells
Vogt and Kirschfeld, 1984; Isono et al., 1988]) via a (Banerjee and Zipursky, 1990; Dickson and Hafen, 1993;
Schiff’s base linkage. Upon absorption of a photon of Zipursky and Rubin, 1994). The identification of opsin
light, the 11–12 double bond of retinal isomerizes from genes expressed in the R8 photoreceptor cells will po-
the cis to the trans conformation. The light-induced tentially provide useful cell-type-specific markers and
isomerization of retinal induces a conformational change molecular tools for the examination of photoreceptor
in the opsin protein, which leads to the conversion of cell differentiation and patterning.
rhodopsin to metarhodopsin. Metarhodopsin is the acti- In this study, we describe the isolation and character-
vated form of the receptor. It directly couples to and ization of a novel Drosophila opsin gene, Rhodopsin 5
activates transducin, thereby initiating the biochemical (Rh5). We show that the gene encodes a biologically
steps of the signaling cascade (Stryer, 1986; Nathans, active opsin molecule, which can transduce the light
1992; Zuker, 1996). Rhodopsin is a member of a large signal. We demonstrate that the Rh5 protein is normally
family of G-protein-coupled receptors that are activated expressed in a subset of R8 photoreceptor cells, and in
by a diverse array of stimuli, including many differ- addition we find that the expression of Rh5 in the R8
ent neurotransmitters, drugs, hormones, and odorants cell of an individual ommatidium is strictly coordinated
with the expression of Rh3 in the overlying R7 cell of(Dohlman et al., 1991; Ressler et al., 1994; Sengupta et
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Figure 1. Cloning Strategy and Structure of
the Rh5 Gene
(A) shows an alignment of the four known
Drosophila opsin genes in regions of high
amino acid similarity. These amino acid se-
quences are found within the protein at the
indicated positions. The amino acid align-
ment is as reported by Zuker et al. (1987) and
as diagrammed in Britt et al. (1993), with the
C-terminus of the protein being intracellular.
Degenerate oligonucleotide primers were de-
signed to amplify sequences between each
of the conserved regions as described in Ex-
perimental Procedures.For reference, the de-
duced amino acid sequence of Rh5 is also
indicated. The upper portion of (B) shows a
map of the four genomic clones that encom-
pass the Rh5 locus. The small box represents
the location of the Rh5 coding region within
each clone. The restriction endonuclease
sites located in the 5 kb SacI fragment are
indicated in the middle map. The underlined
SacI site is within the polylinker of the l FIXII
vector. The structure of the Rh5 RNA and
the position of the two introns are shown in
the lower map, as deduced by comparison
of the nucleotide sequences of cDNA and ge-
nomic clones.
the same ommatidium. The establishment of paired ex- in the case of Rh2, which is expressed in the ocelli, or
genetically, as in the case of ninaE, Rh3 and Rh4. Resid-pression of opsin genes in the R7 and R8 photoreceptor
cells is likely to require a specific developmental signal. ual transcripts from the Rh3 gene expressed in the mar-
ginal R8 cells served as an internal control (Zuker et al.,We show that the expression of the Rh5 protein is dis-
rupted in sevenless (sev) mutant flies, suggesting that 1987; Fortini and Rubin, 1990; Feiler et al., 1992).
We sequenced over 200 amplified clones and isolatedthis signal may arise in the R7 photoreceptor cell. These
results are discussed in relation to cell fate decisions in multiple copies of a novel opsingene fragment (Rhodop-
sin 5, Rh5). By BLAST analysis (Altschul et al., 1990;the retina, and the biological role of R7 and R8 photore-
ceptor cell patterning in the compound eye. Gish and States, 1993), the Rh5 PCR fragment was most
closely related at the nucleotide level to the Drosophila
pseudoobscura Rh3 and Rh4 genes (61%–63% identi-Results
cal) (Carulli and Hartl, 1992). At the amino acid level,
the Rh5 PCR fragment was most closely related to thePCR Amplification, Cloning, and Characterization
of a Novel Opsin Gene Drosophila melanogaster Rh3 opsin (50% identical)
(Fryxell and Meyerowitz, 1987; Zuker et al., 1987). TheTo isolate the opsin genes expressed in the R8 photore-
ceptor cells, we compared the amino acid sequences amplified Rh5 gene fragment was used to isolate cDNA
clones from a Drosophila retinal cDNA library. A total ofof the four known Drosophila opsins, and identified four
highly conserved regions within these proteins. Figure 42 independent cDNA clones were isolated and partially
sequenced. One of the longest clones (Rh5.11) was1A shows the positions of the conserved regions within
the rhodopsin molecule and an amino acid alignment of completely sequenced and found to be 1334 bp in
length. It contains a poly-A tail and encodes a 382 aminothe four known opsins within these regions. Degenerate
oligonucleotide primers were designed and used to am- acid protein with a high degree of similarity to the known
Drosophila opsins (see below). To facilitate genetic char-plify sequences between the conserved regions from
first strand cDNA prepared from sev; ninaE retinal acterization of the locus and to obtain upstream regula-
tory sequences for future studies, the Rh5.11 cDNA wasmRNA. sev; ninaE flies lack the R7 cells that express
the Rh3 and Rh4 opsins (sev), and have a deletion in used as a probe to screen a Canton S genomic library.
Four unique genomic clones spanning z40 Kb werethe gene encoding the ninaE opsin that is expressed
in the R1–6 photoreceptor cells (O’Tousa et al., 1985; obtained. A 5 Kb SacI fragment from clone 16C2 was
subcloned and characterized. The intron-exon structureZuker et al., 1985, 1987; Fryxell and Meyerowitz, 1987;
Montell et al., 1987; Feiler et al., 1992). Thus, the use of of the Rh5 gene was determined by comparing the cDNA
and genomic sequences. The relationship of the geno-this mutant strain allowed us to remove the majority of
known opsin transcripts either by manual dissection, as mic clones to the cDNA, and the intron-exon structure
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Figure 2. Nucleotide and Deduced Amino
Acid Sequences of the Drosophila Rh5 Opsin
The diagram shows the nucleotide sequence
of the coding region of the Rh5 16C2 genomic
clone, with the corresponding amino acid se-
quence derived from the Rh5.11 cDNA. The
sequence was determined on both strands
of both clones. The numbering is with respect
to the first nucleotide (“g” in bold) of the
Rh5.11 cDNA clone. The putative TATA box
atposition 257 is underlined (Breathnach and
Chambon, 1981). Stop codons downstream
of the TATA box are found in all three frames
at nucleotide positions 222, 218, and 20. The
putative translation initiation sequence at the
first methionine differs from the CC(A/
G)CCAUGG consensus, but maintains a CA
at 24 and 23 nucleotides before the AUG
(Kozak, 1991). The deduced amino acid se-
quence of the Rh5 protein is shown above
the encoding nucleotides, which are both in-
dicated in upper case. Amino acid identities
between Rh5 and Rh4 are indicated in bold.
Putative transmembrane segments as deter-
mined by hydrophobicity analysis and se-
quence alignment are indicated (TM1-TM7)
(Kyte and Doolittle, 1982; Zuker et al., 1987).
The Rh5 gene has two introns at positions
281–338 and 686–735, which both have con-
sensus splice donor and acceptor sites
(underlined) (Breathnach and Chambon, 1981)
and contain in-frame stop codons. Interest-
ingly, while the position of the first intron is
unique with respect to the known Drosophila
opsins, the second intron of Rh5 occurs at
exactly the same nucleotide as the first intron
of the Rh4 gene, to which it is most closely
related. This would be consistent with both
Rh4 and Rh5 being derived from the same
ancestral opsin gene having an intron at this
position. The fifteen amino acid peptide
(amino acids 353–367)used for raising antise-
rum is underlined. The gene encodes a pro-
tein of 382 amino acids in length, terminating
at nucleotide position 1299. The putative
polyadenylation signal ATTAAA at positions
1426–1431 is underlined. This sequence is
the most common variant of the canonical
AAUAAA polyadenylation signal sequence
(Swimmer and Shenk, 1985). The beginning
of the poly-A tail of the Rh5.11 cDNA is indi-
cated in bold at nucleotide 1434. Of the addi-
tional 41 cDNAs that were isolated, four
clones differed in their 59 or 39 most extent.
Three began at position 24 (“g” in bold), and
one clone was isolated with a poly-A tail be-
ginning at position 1437 (bold).
of the gene, is indicated in Figure 1B. Figure 2 shows acid identities with Rh4 are indicated in Figure 2). The
four previously identified opsins fall into two groupsthe nucleotide sequence of the corresponding genomic
region, including the introns, and the deduced amino (ninaE and Rh2 are 67% similar, Rh3 and Rh4 are 69%
similar, with only 32% similarity between the blue-violetacid sequence of the gene.
The Rh5 opsin is closely related to the known Dro- and UV-sensitive opsins), indicating that the Rh5 opsin
is not as closely related to the UV opsins as the UVsophila opsins. Amino acid sequence comparison (Hig-
gins and Sharp, 1989) indicates that Rh5 is 31% similar opsins are to each other.
In addition to the high degree of amino acid similarityto ninaE (Rh1), 30% similar to Rh2, 41% similar to Rh3,
and 44% similar to Rh4 (alignments not shown; amino between Rh5 and the known Drosophila opsins, Rh5
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contains several highly conserved structural features a peptide epitope within the C-terminus of the Rh5 pro-
tein (indicated in Figure 2). As discussed in the Introduc-found in other opsins. Hydropathy analysis indicates
tion, there are three major classes of photoreceptorthat Rh5 contains a series of seven hydrophobic regions
cells. Within an individual ommatidium (see Figure 3C),(data not shown; see Figure 2 for locations) that are
the rhabdomeres of the R1–6 cells are long and extendlikely to form transmembrane domains (Kyte and Doolit-
from the level of the cornea to the lamina. By contrast,tle, 1982; Baldwin, 1993; Schertler et al., 1993). Rh5
the rhabdomeres of the R7 and R8 cells are shorter andcontains a lysine residue at position 322 within the sev-
are arranged in tandem within the center of the R1–6enth transmembrane domain. This site is strictly con-
photoreceptor cell bundle. The R7 cells are located dis-served within all known opsins and is the site where the
tally near the surface of the eye at the level of the cornea,retinal chromophore binds to the opsin apoprotein via
whereas the R8 cells are located proximally, deepera Schiff’s base linkage (Bownds, 1967). Rh5 contains a
within the eye, and beneath theR7 cell (Wolff and Ready,pair of conserved cysteines at amino acid positions 124
1993).and 201 that have been shown to form an essential
Immunofluorescence detection of Rh5 antibody label-disulfide linkage in bovine rhodopsin (Karnik et al., 1988;
ing revealed that Rh5 is localized to a subset of rhab-Karnik and Khorana, 1990). The C-terminus contains a
domeres that extend from the middle of the retina toseries of nine serine and threonine residues that are
the level of the lamina (Figures 3D and 3E). Double label-likely to serve as sites for phosphorylation by rhodopsin
ing with antibodies against both Rh5 and Rh1 confirmedkinase (Ohguro et al., 1996). Although most closely re-
that the Rh5 protein is restricted to the proximal retinalated to the UV opsins, Rh5 is probably sensitive to
and that Rh5 is only expressed in a subset of ommatidiavisible light. It contains a tyrosine at amino acid position
(Figure 3F). Examination of cross sections of the retina127, as do the visible sensitive Rh1 and Rh2 opsins,
demonstrated that the Rh5 opsin is expressed in thewhereas the UV-sensitive Rh3 and Rh4 opsins contain
central rhabdomere (Figure 3G). We found no evidencea phenylalanine at this position. This amino acid is
of Rh5 expression in other regions of the head, retina,thought to serve as a “counter-ion-like” residue (Oprian,
or in the ocelli (data not shown). These findings indicate1992), by analogy with Glu-113 in bovine rhodopsin that
that Rh5 is expressed specifically in a subset of R8is known to be responsible for conferring sensitivity to
photoreceptor cells and raises the possibility that an-visible light (Sakmar et al., 1989; Zhukovsky and Oprian,
other as yet unidentified opsin is expressed in the re-1989; Nathans, 1990). Examination of the spectral sensi-
maining R8 cells.tivity of the animals expressing the P[Rh115] transgene
To test the specificity of the antiserum for the Rh5(described below) will allow us to test the prediction
protein, we generated transgenic flies that express thethat Rh5 is maximally sensitive to visible light. Taken
Rh5 opsin cDNA (Rh5.11) under the control of the ninaE
together, these data indicate that the Rh5 gene encodes
(Rh1) opsin promoter (P[Rh115]). The ninaE promoter
a protein that has the amino acid sequence and struc-
has been used in previous experiments to target the
tural features of an opsin.
expression of opsin transgenes to the R1–6 photorecep-
To characterize further the Rh5 gene at the genetic tor cells (Feiler et al., 1988, 1992; Zuker et al., 1988; Britt
level and to determine the chromosomal map location et al., 1993). The P[Rh115] transgene was introduced
of the locus, we performed in situ hybridizations to poly- into ninaE17 mutant hosts by P-element-mediated germ-
tene chromosomes. Using the 5 Kb SacI genomic frag- line transformation. These hosts carry an internal dele-
ment from the 16C2 genomic clone as a probe, we found tion in the endogenous Rh1 opsin gene, and, thus, the
that Rh5 maps to the left arm of the secondchromosome only opsin expressed in the R1–6 photoreceptor cells
at position 33B5–6 (Figure 3A). There are no reported of the transgenic animals (w; ninaE; P[Rh115]) is the
mutations that affect the eye or visual system function one encoded by the transgene (O’Tousa et al., 1985;
in this region (Flybase Consortium, 1996). This data con- Zuker et al., 1985, 1988; Feiler et al., 1988, 1992). In
firms that Rh5 is a novel gene that has not been pre- addition, the w; ninaE; P[Rh115] transgenic flies also
viously identified in either molecular or genetic screens. overexpress the Rh5 opsin, because the Rh5 cDNA is
To determine the expression pattern of the Rh5 gene now expressed in all of the R1–6 cells in every omma-
and the size of the transcript, we performed Northern tidia, rather than only in the R8 cells of a subset of
analysis using the cDNA as a probe. As shown in Figure ommatidia. Figure 4A shows that the Rh5 protein is not
3B, we detected a single transcript of z1.4 Kb, which detectable by Western analysis in extracts of wild-type
was present in mRNA prepared from the heads of wild- (Canton S, CS) fly heads or bodies, whereas fliesoverex-
type Canton S flies. No transcript was observed in mRNA pressing the Rh5 cDNA in the R1–6 cells produce an
prepared from the bodies of these animals, or from the immunoreactive protein of the expected molecular
heads of eyes absent (eya) mutant flies, which lack reti- weight, which is expressed specifically in the heads of
nal structures (Sved, 1986; Renfranz and Benzer, 1989). these animals. Examination of Rh5 distribution in frozen
This finding indicates that the Rh5.11 cDNA is near full head sections from the w; ninaE; P[Rh115]-expressing
length and suggests that the gene is transcribed specifi- flies confirms that the Rh5 protein is expressed through-
cally in the retina of adult flies, consistent with its pro- out the retina in the R1–6 cells of these animals (Figure
4B), providing confirmation that the antibodies raisedposed function as a visual pigment.
against the peptide epitope recognize the protein en-
coded by the Rh5 gene.
Rh5 Is Expressed in a Subset of R8
Photoreceptor Cells Rh5 Encodes a Functional Opsin
To determine the precise site of expression of the Rh5 To test whether the Rh5 gene encodes a functional opsin
protein that is capable of transducing a light signal,opsin gene, we generated polyclonal antiserum against
Rh5, a Novel Drosophila Opsin Gene
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Figure 3. Genetic Localization and Expression Pattern of Rh5
A 5 Kb SacI fragment from the 16C2 genomic clone was hybridized to polytene chromosomes. The arrow in (A) indicates the single band on
the left arm of the second chromosome at position 33B 5–6 that was labeled. No other signals were detected. Northern analysis (B) of the
Rh5.11 cDNA revealed that the gene is transcribed as a 1.4 Kb mRNA that is present in the heads (H) but not the bodies (B) of wild-type
(Canton S, CS) flies. There is no transcript detected in the heads (H) of eyes absent (eya) flies, which lack retinal structures (Sved, 1986;
Renfranz and Benzer, 1989), consistent with the Rh5 gene being specifically transcribed in the retina of adult flies. The lower part of the panel
shows the hybridization signal of RP49 to the same blot. RP49 is a ribosomal gene that is expressed throughout development and was used
as an RNA loading control. It is transcribed as a 0.6 Kb mRNA (O’Connell and Rosbash, 1984). The left portion of (C) is a Differential Interference
Contrast (DIC) image of a longitudinal section through the retina with the layers of the lamina (L), retina (R), and cornea (C) labeled. The
diagram on the upper right indicates the arrangement of the photoreceptor rhabdomeres within an individual ommatidium. The corneal lens
is located at the surface of the eye, with the rhabdomeres of the R1–6 cells arranged in a hexagonal bundle surrounding the central R7 or
R8 cell. The R7 and R8 cell rhabdomeres are arranged in tandem with the R7 cell located distally near the surface of the eye, and the R8 cell
located proximally and deeper within the eye. On the lower right of (C) is a diagram of a cross section of a single ommatidium in which the
central R7 or R8 cell rhabdomere (dark filled circle) is surrounded by the outer R1–6 rhabdomeres (unfilled circles). The geometry of the R7
and R8 rhabdomeres with respect to the surrounding R1–6 rhabdomeres differs somewhat in different regions of the eye, but in each case
the rhabdomeres of the R7 and R8 cells are located centrally. All of the immunofluorescence micrographs were performed on animals with
white eyes (w1118). This mutant lacks the red pigments of the eye and has a greatly reduced background fluorescence. (D) is an immunofluores-
cence image showing the distribution of the Rh5 protein in the retina of a white-eyed fly. The Rh5 protein is found in a subset of individual
rhabdomeres within the retina. A small amount of autofluorescence in the cornea is also observed. (E) is a higher power view of a similar
section with the DIC image superimposed for reference. It shows that Rh5 is localized to a subset of rhabdomeres that extend from the middle
of the retina to the level of the lamina. (F) confirms this observation and shows the localization of the Rh5 (red) and ninaE (Rh1, green) proteins.
ninaE is expressed in the R1–6 rhabdomeres and the signal extends from the level of the cornea to the level of the lamina, whereas Rh5 is
only found in a subset of rhabdomeres localized to the proximal retina. Fluorescence in one or both color channels in the region of the cornea
was more pronounced in this specimen than in samples labeled with either antibody alone. This could be an artifact of the multi-step labeling
procedure required for double labeling with antibodies from the same host species (i.e., rabbit anti-Rh5 and rabbit anti-ninaE; see Experimental
Procedures). (G) shows a deep cross section though a single ommatidium in which the Rh5 opsin (red signal) is found in the central rhabdomere
(superimposed DIC image). Taken together, these results demonstrate conclusively that Rh5 is localized to the rhabdomeres of a subset of
R8 photoreceptor cells. Scale bars in (C), (D), (E), (F), and (G) correspond to 25, 25, 25, 50, and 2.5 mm, respectively.
we examined the electroretinogram of the w; ninaE; genes in vivo (Feiler et al., 1988, 1992; Britt et al., 1993).
White-eyed flies (w) were used in these experimentsP[Rh115] animals. As discussed above, these trans-
genic animals express the Rh5 cDNA in the R1–6 cells because removal of the red pigments of the eye dramati-
cally increases the light sensitivity of the flies. As shownin a mutant background in which the endogenous ninaE
(Rh1) opsin normally expressed in these cells has been in Figure 4C, white-eyed flies (w) respond to a flash of
light with hyperpolarizing “on” and depolarizing “off”deleted. The R1–6 photoreceptor cells are a suitable
environment for the expression of novel opsins because transients, at the onset and cessation of the stimulus,
respectively. The on-transients of the electroretinogramthey dominate the physiological and photochemical
properties of the compound eye and mediate most be- have been shown to be of laminar origin and are induced
only by activation of the R1–6 photoreceptor cellshavioral responses that are dependent on visual input
(Heisenberg and Wolf, 1984). In addition, the expression (Heisenberg, 1971; Heisenberg and Wolf, 1984). The
white-eyed control flies also have a large depolarizingof opsin genes within these cells has proven to be a
powerful experimental system for studying the spectral potential derived from the photoreceptors, which is
maintained for the duration of the stimulus. The w; ninaEand physiological properties of novel or modified opsin
Neuron
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Figure 4. Ectopic Expression of the Rh5 Opsin in ninaE Flies
(A) is a Western blot showing that the Rh5 protein is not detectable in extracts from the heads (H) or bodies (B) of wild-type (Canton S, CS)
flies. w; ninaE P[Rh115] flies lack the ninaE (Rh1) opsin and carry a transposon in which the ninaE promoter is driving the expression of the
Rh5.11 cDNA in the R1–6 photoreceptor cells. In these flies, the Rh5 protein is detectable in extracts from heads (H) but not bodies (B). The
Rh5 protein has an apparent molecular weight of 33 kD, consistent with the calculated molecular weight from the amino acid sequence (42.9
kD) and the known migration of the Rh1 opsin protein in this gel system (apparent molecular weight 33 kD, with a calculated mass of 41.5
kD) (Britt et al., 1993). (B) is an immunofluorescence image that shows the distribution of the Rh5 opsin in the ectopically expressing w; ninaE
P[Rh115] flies. These flies express the Rh5 protein throughout the retina, in long rhabdomeres extending from the cornea to the lamina (R1–6
cells) and also in some short rhabdomeres located deep within the retina (R8 cells). The scale bar corresponds to 50 mm. Electrophysiological
experiments were performed on white-eyed flies w1118. As indicated previously, these mutants lack the red pigments of the compound eye
and as a result have a greater sensitivity to light. (C) shows electroretinogram (ERG) recordings from w; ninaE flies (top trace) that lack the
ninaE (Rh1) opsin. These flies lack on and off transients and have a severely reduced receptor potential. Normal white-eyed flies (w) (middle
trace) show on and off transients at the onset and cessation of the stimulus, respectively, as well as a large receptor potential. Expression
of the Rh5.11 cDNA in the R1–6 photoreceptor cells of w; ninaE flies (w; ninaE P[Rh115]) (line 14C, lower trace) rescues the light response
of the mutant animals, indicating that the Rh5 opsin cDNA encodes a functional visual pigment. The stimulus (bottom of panel) was a 1 s
flash of attenuated blue light (480 nm). Identical results were obtained with w; ninaE P[Rh115] (lines 64A and 153D) flies.
host strain (top trace Figure 4C) has no rhodopsin in the opsin is expressed, or alternatively perhaps Rh5 expres-
sion occurs randomly in ommatidia that express eitherR1–6 photoreceptor cells and therefore does not display
Rh3 or Rh4.on-transients in response to light. These flies also dis-
To resolve this question, we examined frozen sectionsplay significantly reduced signal amplitudes, the small
from the retinas of white-eyed flies using immunocyto-remaining signal being derived from the R7 and R8 cells
chemistry with antibodiesdirected atRh3, Rh4, and Rh5.(Johnson and Pak, 1986). Transgenic flies expressing
As shown in Figure 6A, double labeling with antibodiesRh5 in theR1–6 photoreceptor cells (w; ninaE; P[Rh115])
against Rh3 and Rh4 demonstrates that these two pig-display a robust response to light, with normal on and
ments are expressed in nonoverlapping sets of R7 cells,off transients and a maintained depolarization with a
consistent with previous results (Montell et al., 1987;large amplitude (Figure 4C). The ability of the Rh5 gene
Feiler et al., 1992). Double labeling with antibodiesto restore the light response of the ninaE host strain
against Rh4 and Rh5 illustrates that the R-7 and R-8indicates that the Rh5 gene encodes a functional opsin
cells detected by these reagents do not align in mostthat is fully active biologically and capable of coupling to
cases, and thus Rh4 and Rh5 appear to be expressedthe downstream components of the phototransduction
in the R7 and R8 cells of different ommatidia (Figurecascade within the R1–6 photoreceptor cells.
6B). Conversely, when double labeling with antibodies
against Rh3 and Rh5 (Figure 6D, low power; Figure 6E,
Patterning of R7 and R8 Photoreceptor Cells high power), there is a precise pairing of Rh3 and Rh5
The identification of a novel opsin that is expressed in expression within the R7 and R8 cells of an individual
a subset of R8 photoreceptor cells presents a number ommatidium. This expression pattern gives a continu-
of questions regarding the organization of the com- ous two-tone appearance to the tandemly arranged
pound eye. As indicated in Figure 5A and discussed in rhabdomeres in these adjacent cells.
the Introduction, two classes of R7 photoreceptor cells To confirm that the pairing of Rh3 and Rh5 expression
have been identified in Drosophila, one that expresses in the R7 and R8 cells of individual ommatidia was a
Rh3 and the other that expresses Rh4. Because Rh5 is uniform occurrence throughout the retina and not an
the only opsin known to be expressed specifically in the artifact of sectioning, we performed similar double label-
R8 cells, and it is only found in a subset of these cells, ing experiments with individual dissociated ommatidia.
an immediate question emerges as to the patterning of As shown inFigure 6E, staining of Rh4 in the R7 cells and
opsin gene expression in the R7 and R8 photoreceptor Rh5 in the R8 cells did not occur in the same ommatidia.
cells of individual ommatidia. For example, as indicated Analysis of dissociated ommatidia demonstrated that
in Figure 5A, Rh5 expression could be restricted to only 51% labeled with Rh4 but not Rh5 (63/123); 29% labeled
with Rh5 and not Rh4 (36/123); 20% labeled with neitherthe R8 cells of ommatidia in which a specific R7 cell
Rh5, a Novel Drosophila Opsin Gene
1107
Figure 5. Patterning of Opsin Expression in
the R7 and R8 Photoreceptor Cells
(A) illustrates the potential patterns of expres-
sion of the Rh5 opsin within an individual om-
matidium. We have shown that Rh5 is ex-
pressed in a subset of R8 cells,which underlie
R7 cells that express either Rh3 or Rh4 in a
nonoverlappingpattern. Thus, inan individual
ommatidium Rh5 could potentially be ex-
pressed in a randomly paired pattern with
either Rh3 or Rh4, or alternatively Rh5 could
be expressed in a specific pairwise fashion
with one of the R7 cell opsins. In this panel,
we infer the presence of an unidentified novel
opsin (Rh6?). The pattern of pairing that we
have observed (see Figure 6) is indicated in
the inner boxed region. (B) indicates possible
inductive signaling mechanisms by which
paired opsin expression inthe R7 and R8 cells
might be established.
antibody (24/123). The last category may include omma- To distinguish between some of these mechanistic
possibilities, we examined the expression of Rh5 in fliestidia that did not stain properly for technical reasons or
could include ommatidia along the dorsal margin, which that lack the R7 photoreceptor cells (sevenless [sev]
mutant flies). We predicted that if cell fate determinationare thought to express Rh3 in both the R7 and R8 photo-
receptor cells. Labeling with antibodies against Rh3 and in the R7 and R8 cells occurs independently, or isdepen-
dent upon a signal from R8 to R7 as in the case of theRh5 confirmed our previous observation that Rh3 and
Rh5 are expressed in a paired manner within individual boss-sev signal, Rh5 expression would be unchanged
in sev mutant flies. Surprisingly, the Rh5 opsin is unde-ommatidia (Figure 6F). Rh3 and Rh5 were found coex-
pressed in 39% of ommatidia (47/121), while 50% of the tectable in sev1 animals (Figure 7A). The same result
was obtained in sev14 and in sev1 ninaE17 flies (data notommatidia did not stain with either reagent (60/121). A
final class of 11% of the counted ommatidia was found shown). We found that introduction of the full-length
sev cDNA under the control of two copies of the sevin which staining of Rh3 alone was observed (13/121).
This category may include ommatidia that did not stain enhancer (P{w[1mW.hs] 5 sev4} from E. Hafen), which
rescues the formation of the R7 photoreceptor cells,properly for technical reasons or could correspond to
the group of R7 and R8 cells that both express Rh3. was also sufficient to rescue Rh5 expression in the R8
cells (Figure 7B). This suggests that either the presenceThese results demonstrate conclusively that Rh5 is ex-
pressed in a specific pairwise fashion in a subset of R8 of an R7 cell or the sev protein is required for normal
Rh5 expression. The absence of detectable Rh5 proteincells that underlie Rh3-expressing R7 cells.
in sev and sev ninaE flies is somewhat curious in that the
Rh5 gene was originally cloned as an RT–PCR fragmentDisruption of Rh5 Expression in sev Mutant Flies
Our finding of Rh5 and Rh3 patterning within the Dro- from mRNA prepared from sev ninaE flies. Examination
of Northern blots from sev and sev ninaE fly heads dem-sophila retina is especially intriguing from a develop-
mental perspective. The R7 and R8 photoreceptor cells onstrated a dramatic but incomplete reduction in the
steady-state transcription of the Rh5 gene (data notare not related by lineage (Ready et al., 1976; Lawrence
and Green, 1979), and there is ample evidence for the shown). This suggests the possibility that the disruption
of Rh5 opsin expression may be partially regulated post-role of cell–cell interactions in the development of the
compound eye (Banerjee and Zipursky, 1990; Dickson transcriptionally, or that a very closely related gene is
also transcribed in the retina.and Hafen, 1993; Zipursky and Rubin, 1994). Thus, it
seems likely that opsin gene expression may reflect an To confirm the loss of Rh5 opsin expression in sev
mutants, we generated mosaic animals by mobilizing theinductive cell fate decision that is coordinated between
the R7 and R8 cells of an individual ommatidium. As sev cDNA P-element described above (P{w[1mW.hs] 5
sev4}). As shown in Figure 7E, these mosaic animalsindicated in the model (Figure 5B), such an inductive
signal might arise external to both cells and be detected have patches of both sev (white, w2) and rescued tissue
(red, w1), which is distinguishable by the presence ofindependently by each of them. Alternatively, there
could be a specific signal from R8 to R7 or vice versa the w1 reporter in the P-element. Figure 7F shows that
R8 cell nuclei are apparent in all ommatidia at the basethat communicates the decision from one cell (primary)
to the other (secondary). The fate decision of the primary of the retina, while R7 cell nuclei are present in rescued
but not sev tissue. Figures 7G and 7H illustrate that thecell could result from either a stochastic or an inductive
event. Rh3 and Rh5 opsins are expressed in a paired manner
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Figure 6. Paired Expression of Rh3 and Rh5 in Adjacent R7 and R8 Cells within the Same Ommatidia
(A)–(D) are immunofluorescence images of double labeled longitudinal sections through the retina of white-eyed flies (w). (A) illustrates that
Rh3 (green) and Rh4 (red) are expressed in the R7 photoreceptor cells of different ommatidia, as has been reported previously (Montell et
al., 1987; Fortini and Rubin, 1990; Feiler et al., 1992). (B) demonstrates that in most cases Rh5 (red) and Rh4 (green) appear to be expressed
in the R7 and R8 cells of different ommatidia. Conversely, (C) (low power) and (D) (higher power) show that Rh3 (green) and Rh5 (red) are
expressed in the R7 and R8 cells of the same ommatidia. (E) and (F) are montages of double labeled dissociated ommatidia with the DIC
image of the specimen in gray. (E) shows that Rh5 (red) and Rh4 (green) are expressed in the R7 and R8 cells of different ommatidia, while
(F) demonstrates that Rh3 (green) and Rh5 (red) are expressed in the R7 and R8 cells of the same ommatidia. The scale bars in (A), (B), (C),
(D), (E), and (F) correspond to 50, 25, 50, 10, 10, and 25 mm, respectively.
in rescued but not sev tissue, and that there is no Rh3 sev under the control of the hsp70 promoter. Ubiquitous
expression of sev has been shown to completely rescueor Rh5 expression in sev regions, consistent with the
result shown in Figure 7A. Examination of multiple sec- sev mutant flies (Basler and Hafen, 1989), and Figure
7C shows that these animals also express Rh5. Expres-tions from these animals was consistent with this obser-
vation. These results show that expression of the Rh5 sion of Rh5 occurred in a normal paired manner with
Rh3 in the overlying R7 cells (data not shown), indicatingopsin is disrupted in sev mutant flies and suggest that
Rh5 opsin expression requires either the sevenless re- that sev is required for the formation of R7 cells and
that its normally restricted pattern of expression is notceptor tyrosine kinase (RTK) or an intact R7 cell.
The sev gene encodes a RTK that is required for the required for normal R7 and R8 patterning. To test the
possibility that the extracellular domain of sev may func-recruitment of R7 cell precursors (Harris et al., 1976;
Banerjee et al., 1987; Hafen et al., 1987). Activation of tion as a ligand for an R7 to R8 signal, we examined
the pattern of Rh5 expresion in sev mutant flies, whichthe sev RTK is dependent upon its interaction with the
bride of sevenless (boss) ligand, which is presented on express a mutant form of sev that lacks a functional
kinase domain (sevMet 2242). It has been shown that thesethe apical surface of the R8 cell (Reinke and Zipursky,
1988; Hart et al., 1990; Kramer et al., 1991). This interac- flies express normal levels of the mutant protein in the
R7 cell equivalence group, but fail to produce R7 cellstion between boss and sev establishes an inductive sig-
nal from the R8 cell to the R7 cell. To begin evaluating (Basler and Hafen, 1988). As shown in Figure 7D, the
expression of the sevMet 2242 mutant fails to rescue Rh5the potential role of sev in the regulation of Rh5 expres-
sion, we examined the effect of ectopic expression of expression. These results indicate that under normal
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Figure 7. Expression of the Rh5 Opsin Is Dis-
rupted in sev (sevenless) Mutant Flies
(A) is a longitudinal section of the retina from
a w; sev1 fly labeled with antibodies against
Rh5. The panel shows a dramatic loss of Rh5
protein expression in the retina. The back-
ground of the image has been adjusted to
enhance the autofluorescence of the cornea
in order to provide orientation. (B) shows the
pattern of Rh5 expression in a w; sev14 fly that
is homozygous for the P{w[1mW.hs] 5 sev4}
(line SC.2) transposon. This P-element con-
tains two copies of the sev enhancer driving
the expression of the sev cDNA. This con-
struct is sufficient to rescue both the forma-
tion of R7 cells in sev flies and the normal
expression pattern of Rh5. (C) shows the pat-
tern of Rh5 labeling in a longitudinal section
of a w; sev14 P{w[1mW.hs] 5 sev2} (line ch21)
fly that was heat shocked as in (Basler and
Hafen, 1989). The figure shows that ubiqui-
tous expression of sev under the control of
theheat shock promoter rescues Rh5 expres-
sion, and we have found that it does not dis-
rupt the normal pairing of Rh3 and Rh5 ex-
pressingcells (data not shown). (D) is a bright-
field image that shows the pattern of Rh5 labeling in longitudinal section of a w; sev14 P{w[1mW.hs] 5 sev3} (line 215) fly that expresses the
sevMet 2242 mutant, which lacks a functional kinase domain (Basler and Hafen, 1988). Rh5 labeling was detected by the Peroxidase/DAB-NiCl2
method, which produces a black granular precipitate in control sections of wild-type flies (data not shown). Examination of another transformed
line expressing this construct (line 218) confirmed the inability of this sev mutant to fully rescue Rh5 expression. In both lines, very rare
instances of R8 cells labeling with antibodies against Rh5 were observed (data not shown). (E)–(H) are images of the same section of a w;
sev14 P{w[1mW.hs] 5 sev4} (line SC.4) fly in which the P-element transposon has been somatically mobilized to generate a mosaic eye. (E)
is a bright field view of a mosaic animal in which patches of tissue are either sev14 (white) or contain the P{w[1mW.hs] 5 sev4} transposon
in a sev14 background (red, w1, derived from the P-element marker). The black arrowhead indicates the position of a single rescued (red)
ommatidium that is flanked by adjacent sev14 tissue. (F) is a fluorescence view of the same section stained with DAPI to label nuclei. R7 cell
nuclei are present in ommatidia flanking the sev mutant patch and in the single rescued ommatidium (arrows), but are missing in the sev
regions of the section. R8 photoreceptor cell nuclei are present in every ommatidia and are located at the base of the retina near the lamina
(arrow head). (G) and (H) show views of the same section double labeled with antibodies against Rh3 and Rh5 (green and red, respectively),
with the DIC image superimposed for reference in (G). The arrowheads indicate the position of the single rescued ommatidium noted in (E)
above, which contains an R7 and R8 cellexpressing Rh3 and Rh5, respectively. Although there aresome sectioning artifacts noted in thissection,
Rh3 and Rh5 pairing is maintained and their expression is restricted to rescued regions of the section that express the P{w[1mW.hs] 5 sev4}
transgene. Examination of sections from multiple mosaic animals generated from lines SC.1, SC.2, and SC.4 confirmed this result. The scale
bars in (A), (B), (C), and (G) correspond to 50, 25, 50, and 25 mm, respectively. (A) and (D) are to the same scale, as are (E)–(H).
expression levels, the extracellular domain of sev does is established and the biological role of this patterning
not function as a ligand in a manner that is independent in the function of the compound eye.
of its RTK function. These results are consistent with Studies of the visual system in Drosophila have been
sev being required for R7 cell formation, but do not greatly facilitated by anatomical and physiological anal-
definitively rule out a role for sev in establishing the yses in larger flies (for review, see Hardie, 1985). As in
paired expression of Rh3 and Rh5 in the R7 and R8 cells Drosophila, the R1–6 photoreceptors of both Calliphora
of individual ommatidia. erythrocephala and Musca domestica are sensitive to
blue and UV light. In all three organisms, the R1–6 cells
contain a blue sensitive rhodopsin that interacts with aDiscussion
sensitizing pigment that confers additional sensitivity in
the UV region (Burkhardt, 1962; Kirschfeld and Fran-In this paper, we have described the isolation of a novel
ceschini, 1977; Stark et al., 1977; Minke and Kirschfeld,gene that encodes an opsin that is expressed in a subset
1979). The gene encoding this opsin in Calliphora hasof R8 photoreceptor cells in the compound eye of Dro-
been cloned, and it is 86% identical at the amino acidsophila. We have shown that the gene encodes a func-
level to theninaE opsin of Drosophila (Huber et al., 1990).tional opsin, which when expressed in the R1–6 cells of
Likewise, the ocellar opsins of Drosophila (Rh2) andblind ninaE flies is capable of restoring the light response
Calliphora have been shown to have similar spectralof these mutant animals. We have also demonstrated
properties (Hu et al., 1978; Feiler et al., 1988; Kirschfeldthat Rh5 is expressed in an unusual pattern within the
et al., 1988b). In the case of the R7 photoreceptor celleye, occurring only in the R8 cells of ommatidia in which
rhodopsins, both Calliphora and Musca have beenRh3 is expressed in the overlying R7 cells, and that
shown to have different classes of R7 photoreceptorthis is disrupted in sev mutant flies. These results raise
cells. The major two types are referred to as R7 yellowimportant questions as to the developmental mecha-
nism by which R7 and R8 photoreceptor cell patterning (R7y) and R7 pale (R7p), based on their appearance
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under blue illumination (Kirschfeld et al.,1978) or fluores- 1976; Hardie, 1979; Hardie et al., 1979; Smola and Mef-
fert, 1979; Hardie and Kirschfeld, 1983). Beneath thecence (Franceschini et al., 1981). These cells occur at
a frequency of z70% and 30% for the R7y and R7p, R7p cells, the R8p photoreceptors of Calliphora and
Musca are sensitive to blue light. The R8p photoreceptorrespectively. Both cells are sensitive to UV and the R7p
cell rhodopsin is directly sensitive to UV light, whereas cells appear to correspond to the class of R8 cells in
Drosophila that express Rh5, because Rh5 is expressedthe R7y cell contains a blue sensitive rhodopsin that
utilizes a sensitizing pigment much like that found in the in a coordinated fashion with Rh3 in the overly R7p
photoreceptor. Beneath the R7y cells, the R8y photore-R1–6 cells (Kirschfeld et al., 1978, 1988a; Hardie, 1979;
Hardie et al., 1979; Hardie and Kirschfeld, 1983). These ceptors of larger flies have a dual sensitivity to UV and
green light, conferred by a UV-sensitizing pigment and astudies also indicate that the R7y cells contain a screen-
ing pigment that serves to filter light in the blue region blue-green-sensitive rhodopsin (Hardie and Kirschfeld,
1983). Interestingly, the sensitivity of the R8y cells in theand thus reduce the sensitivity of the cell to blue light.
The R7 cells located along the dorsal margin (R7marg) visible region appears to be shifted to longer wave-
lengths as the result of the filtering effect of the screen-of the eye have spectral properties that are identical to
the R7p photoreceptors. This is a specialization that is ing pigment expressed in the overlying R7y cell (Kirsch-
feld et al., 1978; Hardie et al., 1979). Thus, with respectthought to confer sensitivity to polarized light (Hardie,
1984). An additional minor class of R7 cells, which ex- to color sensitivity, the developmental program of the
compound eye produces a sensory organ having twopress a pigment similar to that found in the R1–6 cells,
has been observed only in Musca males (Hardie, 1983). important characteristics. First, as in many organisms,
different classes of photoreceptor cells in the fly retinaIn Drosophila, the Rh3 and Rh4 opsins are known to
be expressed in nonoverlapping sets of R7 cells in the express different forms of the visual pigment rhodopsin.
Second, the position, arrangement, and patterning ofcompound eye at a frequency of z30% and 70%, re-
spectively (Montell et al., 1987; Zuker et al., 1987; Fortini the different classes of photoreceptor cells, especially
in the R7 and R8 cells, is highly organized and appearsand Rubin, 1990; Feiler et al., 1992). Early studies on the
R7 photoreceptor cells of Drosophila using extracellular to serve an important biological role in shifting or “tun-
ing” the color sensitivity of specific photoreceptorsrecording techniques were unable to resolve the differ-
ent classes of R7 cells, but did demonstrate their sensi- within the eye.
The arrangement of R7 and R8 cells in the Drosophilativity to UV light (Harris et al., 1976; Stark, 1977). More
recently, misexpression studies have been used to de- compound eye is particularly intriguing, because it sug-
gests the involvement of a novel developmental signaltermine the spectralsensitivity and photochemical prop-
erties of the Rh3 and Rh4 opsins (Feiler et al., 1992). in establishing this pattern. Of special interest is the
question of whether this novel signal utilizes any of theThese studies indicate that the Rh3 rhodopsin has a
similar spectral sensitivity and expression pattern to the known components of the boss-sev signaling pathway,
and whether the signal that establishes this patternpigment found in the R7p and R7marg cells of larger
flies. The Rh4 opsin is expressed in a pattern consistent arises from either the R7 or R8 photoreceptor cell or
originates elsewhere. As we have shown, in sev mutantwith it being the Drosophila equivalent of the R7y opsin;
however, its spectral properties are somewhat different flies the pattern of expression of the Rh5 opsin is dis-
rupted. This result indicates that either the loss of thefrom those found in the R7y photoreceptors of larger
flies (Feiler et al., 1992). R7 cell or the loss of the sev protein itself is responsible
for the disruption of Rh5 expression. Given that sev isVery little is known about the R8 photoreceptor cells
of Drosophila in terms of physiological and spectral not thought to be expressed in the R8 cell (Tomlinson
et al., 1987), it appears likely that the cell fate decisionproperties. Early work examining the spectral sensitivity
of the R8 cells by electroretinogram indicated that these regulating Rh5 versus Rh6 opsin expression in a given
R8 cell does not occur autonomously within the R8 cell.cells are blue sensitive; however, these experiments did
not resolve the different types of R8 cells and also uti- This is consistent with a model in which the paired pat-
tern of Rh3 and Rh5 expression results, at least in part,lized sev mutant flies in order to remove the overlying
R7 cells, thus inadvertently disrupting the expression of from a signal from the R7 cell to the R8 cell. Such a
“retrograde” signal could potentially utilize the sev orRh5 (Harris et al., 1976). The R8 cells of larger flies have
been examined at the single cell level and have been boss proteins as signaling molecules. Our initial results
examining mutants that ectopically express sev, or ex-shown to occur in four different classes in specific pair-
wise combinations with the overlying R7 cell in an indi- press a mutant form of the protein that lacks a functional
kinase domain, suggest that sev may not be directlyvidual ommatidium (reviewed by Hardie, 1985). The
R8marg cells express a UV-sensitive pigment that is involved. The boss protein contains a large extracellular
domain that contacts and initiates signaling in R7 cellidentical to that found in the overlying R7marg photore-
ceptors, and the R7p cells found in other regions of the precursors via the sev RTK (Kramer et al., 1991; Hart et
al., 1993). In addition, boss has a seven transmembraneeye (Hardie, 1984). These cells (R8marg) are thought to
express Rh3 in Drosophila (Fortini and Rubin, 1990; domain motif, consistent with it functioning as a G-pro-
tein-coupled receptor (Hart et al., 1990). As has beenFeiler et al., 1992). The male-specific R8 cells found in
Musca express a pigment that is identical to that found suggested previously, boss would be ideally situated to
mediate a signal from the R7 to the R8 cell (Zipurskyin both the R1–6 and the sex-specific R7 photoreceptors
that overly them (Hardie, 1983). Over the remainder of and Rubin, 1994).
In addition to the direction of the signal and the cellsthe compound eye, two types of R7 and R8 photorecep-
tor cell pairs have been described (Meffert and Smola, involved, several further questions are raised regarding
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P4R-EcoRI 59-CACGAATTCXGGRTGXSWDATXSCRTAXAC-39the establishment of the R7 and R8 cell patterning. First,
The number “1” of P1F indicates the region of homology in Figureif the R7 cell is the primary cell to acquire a specific cell
1 that the primer is directed against. The letter “F” or “R” followingfate and to communicate that to the secondary R8 cell,
the number indicates whether the primer will amplify in the forward
then is this primary cell fate decision a stochastic event, or reverse direction. The endonuclease restriction site that is present
occurring at a frequency of 30%/70% over the majority in the 59-end of the primer is also indicated. Standard IUPAC code
for degenerate nucleotides is used, with the exception of positionsof the compound eye, or, alternatively, is it an induced
indicated by X, which were synthesized as inosine. Primers wereevent? Limited evidence suggests that R7 cell opsin
designed using OLIGO (v. 4.0) software from National Biosciencesspecification may occur autonomously, i.e., as a sto-
(Plymouth, MN), and oligonucleotide synthesis was performed bychastic event. In animals that ectopically express boss,
Cruachem (Sterling, VA). Primers were used in six pairwise combina-
multiple R7 cells are generated in individual ommatidia. tions (P1F–P2R, P1F–P3R, P1F–P4R, P2F–P3R, P2F–P4R, P3F–
By examining the expression of a lacZ reporter driven P4R). Each reaction contained 50 mM KCl, 10 mM Tris–HCl (pH 8.3),
1.5 mM MgCl2, 0.01% (w/v) gelatin, 200 mM each dNTP, 5 U Taqby the Rh4 promoter, Van Vactor et al. (1991) showed
polymerase, and each primer at 4 mM. The first five cycles werethat in an individual ommatidium, some of the extra R7
performed as follows: 1 min ramp to 948C, hold 1 min; 1 min rampcells express Rh4 while others do not. Although these
to 378C, hold 2 min; 3 min ramp to 728C, hold 3 min. The next 35results have not been confirmed using specific antibod-
cycles were performed as follows: 948C for 1 min, 558C for 2 min,
ies against the Rh3 and Rh4 proteins, they suggest that and 728C for 3 min. Afterward, the samples were maintained for
both forms of the R7 cell opsin may be expressed simul- 10 min at 728C and then cooled to room temperature. Following
amplification, the samples were purified and digested with the ap-taneously within an individual ommatidium, consistent
propriate enzymes. Gel-purified fragments of the expectedsize werewith the idea that opsin specification occurs autono-
subcloned directionally into pGEM-7zf(2) (Promega, Madison, WI).mously within the R7 cell. By contrast, along the dorsal
The sequences of the subclones were determined by the dideoxymargin of the compound eye, it would appear that both
chain termination method and compared with the known Drosophila
R7marg and R8marg cell determination must be an in- opsin genes.
duced event, given that all of the R7 and R8 cells in this One of the PCR fragments identified as encoding a novel opsin
gene was used to perform an initial high stringencyscreen of 500,000region express Rh3 (Fortini and Rubin, 1990; Feiler et
clones from a Drosophila Canton S retinal cDNA library in the lal., 1992). The second related issue is whether both
Zap vector (Stratagene, La Jolla, CA). Hybridizations with a randomstates of the R8 cell are induced, or whether there is
primed probe (Amersham, Arlington Heights, IL) were carried out atsome default pathway. Identification of the putative
658C overnight, in 5 3 SSC, 10 3 Denhardt’s, 100 mg/ml denatured
Rh6? gene will allow us to very simply address this Salmon Testis DNA, and 0.5% SDS. Two rapid room temperature
question, by examining its expression in sev mutants in washes in 0.2 3 SSC, 0.5% SDS, were followed by two 30 min
washes in the same buffer at 658C. Additional screens were con-which Rh5 expression is disrupted. The third question
ducted at reduced stringency using the Rh5.11 cDNA as a probe.raised by the present work concerns the mechanism by
Positive clones were identified, plaque purified, and plasmids werewhich specificity is conferred to the R7 and R8 pattern.
prepared by in vivo excision using the protocol of the manufacturer.Although we have demonstrated that the loss of sev
The sequence of the cDNA was determined twice on both strands
disrupts Rh5 expression, it is clear that additional genes using the dideoxy chain termination technique (Sequenase-Amer-
are required to generate and interpret signals that are sham). The Rh5 genomic clones were isolated from a Drosophila
genomic library prepared in the Lambda Fix II vector (Stratagene),distinct and different for the R8y and R8p photoreceptor
using the Rh5.11 cDNA as a probe under the conditions describedcells. Thus, while the development of the compound eye
above. Four unique clones were isolated. The location, orientation,has proven to be an extremely active and fruitful area
and size of the genomic Rh5 coding region within each clone wasof investigation in recent years, it is clear from the pres-
determined by Long-range PCR (eLONGase System, Gibco BRL
ent work that many interesting aspects of cell recruit- Life Technologies, Gaithersburg, MD) using several combinations
ment and cell type specification in this system remain of primers (T3 and T7 primers, directed at sites within the Lambda
Fix II vector arms, plus primers from the 59- and 39-ends of theto be resolved. The isolation of an opsin gene that identi-
Rh5.11 cDNA).fies a subset of R8 photoreceptor cells and a unique
pattern of organization of the R7 and R8 cells highlights
the organizational complexity of this model system, and In Situ Hybridizations to Polytene Chromosomes
Polytene chromosome squashes from third instar larval salivarywill allow us to examine in detail the mechanisms by
glands were prepared and hybridized with a bio-16-dUTP (Enzowhich this pattern is established.
Diagnostics, Farmingdale, NY) labeled nick-translated probe. The
signal was detected using a streptavidin/biotinylated peroxidase
Experimental Procedures
complex (Detek-HRP kit from Enzo Diagnostics) as described (Ash-
burner, 1989).
PCR Amplification/cDNA and Genomic Cloning
Hand-dissected retinas from z1000 w sev1, sr ninaE17 e flies were
collected into acetone on dry ice. mRNA from this tissue was pre- Polyclonal Antibody Production and Affinity Purification
Polyclonal antiserum was generated against a KLH-coupled peptidepared using the Pharmacia (Piscataway, NJ) “QuickPrep Micro”
mRNA purification kit. First strand cDNA was prepared using an derived from the Rh5 deduced amino acid sequence (REKHATSGTS
GGQES corresponding to amino acids 353–367). Peptide synthesis,oligo dT primer (12–18 mer), and M-MLV reverse transcriptase by
standard techniques (Sambrook et al., 1989). Between 15 and 50 coupling, rabbit immunizations, and bleeds were performed by Re-
search Genetics (Huntsville, AL). For affinity purification, the peptideng of first strand cDNA were amplified with pairs of forward and
reverse primers from the following sets: antigen (1 mg) was coupled directly to affi-gel 10 (Bio-Rad Labora-
tories, Hercules, CA). Columns containing 2 ml of peptide-coupledP1F-XhoI 59-TGCTCTAGAAARWCXYTGMGXACXCCXDSXAA-39
P2F-BamHI 59-TGTGGATCCYGTXCCXGARGGXWAYYT-39 gel were washed with 10 vol of PBS. Antiserum (1 ml) was diluted
5-fold in PBS, and loaded onto the column. The column was washedP2R-EcoRI 59-CCGGAATTCRTWXCCYTCXGGXACRWA-39
P3F-BamHI59-ACAGGATCCAARGCXHTXMGXGAXCARGCXAAR with 15 vol of PBS. The specifically bound antibodies were eluted
with 0.2 M glycine HCl (pH 2.2) and neutralized with 1 M K2HPO4.AARATG-39
P3R-EcoRI 59-GCGGAATTCTTXGCYTGXTCXCKXADXG-39 Eluted fractions were assayed by ELISA. Relevant fractions were
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pooled, dialyzed against PBS, and stored at 2208C in 1 mg/ml BSA personal communication). Antibodies against ninaE, obtained from
Joe O’Tousa, were directed against the C-terminus of the proteinand 0.02% NaN3.
(Kurada and O’Tousa, 1995).
Western and Northern Analysis
Drosophila Culture, Genetics, and Transposon MobilizationWestern blot analysis was performed as described (Colley et al.,
All fly strains were maintained in humidified incubators on 12 hr1991). The nitrocellulose filters were incubated with affinity-purified
light/dark cycles on standard cornmeal/molasses/agar media. Ge-rabbit anti-Rh5 antibody (1:10 dilution) overnight at room tempera-
netic nomenclature used in the text is as indicated in (Lindsleyture. The immunoreactive proteins were visualized using an alkaline
and Zimm, 1992) and (Flybase Consortium, 1996). The w1118 sev14;phosphatase–conjugated goat anti-rabbit IgG system (Bio-Rad Lab-
P{w[1mW.hs] 5 sev2} (line ch21) and w1118 sev14; P{w[1mW.hs] 5oratories). Northern Analysis was performed as described (Zuker et
sev3} (lines 215 and 218) flies used for the experiments in Figuresal., 1985). For each sample, 5 mg of poly-A RNA was fractionated
7C and 7D, respectively, were obtained from the Bloomington Stockin an agarose formaldehyde gel. The gel was transferred to a Nytran
Center and have been described previously (Basler and Hafen, 1988,membrane using a “Turbo-Blotter” (0.2 mm pore size, Schleicher
1989). The w1118 sev14; P{w[1mW.hs] 5 sev4} (lines SC.1, SC.2, SC.4)and Schuell, Keene, NH) and prehybridized 3 hr at 658C in 5 3 SSC,
flies used in Figures 7B and 7E–7H were obtained from the100 mM Na2HPO4 (pH 6.8), 2 3 Denhardt’s and 0.5% SDS. The
Bloomington Stock Center and were generated and deposited bymembranes were hybridizedwith random primed probes in thesame
Ernst Hafen. The w1 marked P-element contains two copies of thesolution at 658C overnight, and washed four times with 0.2 3 SSC,
sev enhancer driving the sev1 cDNA. The P-element is inserted in0.5% SDS at 658C. The membranes were exposed to film or analyzed
the second chromosome in each of the stocks, at 50B, 42A-B, andwith a Molecular Dynamics 425S Phosphorimager (Sunnyvale, CA).
53D-E for lines SC.1, SC.2, SC.4, respectively (Flybase Consortium,
1996). Virgin females of each stock were crossed to y w; y1 SbImmunofluorescence/Confocal Microscopy
P{ry1t7.2 5 D 2–3}99B / TM6 males, and male offspring carryingThe immunohistochemistry was performed as follows: heads of w1118
the D 2–3 element were analyzed for somatic excision in the eyeadult flies were frozen in O. C. T. compound (Miles Inc., Elkhart, IN)
(Robertson and Engels, 1989). Sections were prepared as above,and 10 mm frozen head sections were cut (Minotome, I. E. C., Need-
and following treatment with cytoskeletal buffer sections from redham Heights, MA). The sections were fixed in 3% paraformaldehyde
eyed or mosaic flies, were treated with NaBH4 (Sigma Chemical Co.,in PBS (pH 7.2) for 10 min, and then permeabilized in cytoskeletal
St. Louis, MO) (0.33% in PBS) to remove the red pigments. Thebuffer (10 mM Hepes [pH 7.4], 200 mM sucrose, 3 mM MgCl2, 50
reagent was applied and changed every 5 min for 1 hr, and themM NaCl, 0.5% Triton X-100, 0.02% NaN3) for 5 min. The specimens
sections were then rinsed three times with 0.5% saponin in PBS.were incubated with affinity-purified rabbit anti-Rh5 antibody (1:10
Nuclei were labeled with DAPI (0.5 mg/ml, Boehringer Mannheim,dilution in 3% Normal Goat Serum, 1 mg/ml BSA, and 0.03% Triton
Indianapolis, IN). Rh3 and Rh5 were detected as indicated above.X-100 in PBS) for 1 hr at room temperature or overnight at 48C. The
Brightfield light micrographs and DAPI fluorescence images wereprimary antibody was detected with Texas Red–conjugated goat
acquired using a Hamamatsu Photonics C5810 Color Chilled 3 CCDanti-rabbit IgG antibody (1:250 dilution) (Jackson ImmunoResearch
Camera (Hamamatsu City, Japan). Images were collected for eachLaboratories, West Grove, PA). Between each step, the slides were
section following cutting, DAPI labeling, and Rh3/Rh5 doubling la-rinsed several times with PBS containing 0.01% saponin. After stain-
beling.ing, the slides weremounted with Perma-Fluor (Lipshaw, Pittsburgh,
PA). The confocal images were collected using a Laser Scanning
Ectopic Expression of the Rh5 cDNA in the R1–6Microscope LSM-310 (Carl Zeiss Inc., Thornwood, NY).
Photoreceptor CellsFor double labeling with primary antibodies from the same host
A KpnI to SpeI fragment from the Drosophila ninaE opsin genomicspecies (using affinity-purified rabbit anti-ninaE and affinity-purified
clone (Zuker et al., 1985), containing 2.4 Kb of promoter sequencesrabbit anti-Rh5 antibodies or affinity-purified rabbit anti-Rh4 and
and33 bp of 59 untranslated region, was subcloned into pGEM7zf(1)affinity-purified rabbit anti-Rh5 antibodies), sections were prepared
(Promega). The Rh5.11 cDNA (a 1.3 Kb EcoRI fragment flankedas above and the first primary antibody (anti-ninaE or anti-Rh4) was
by SpeI and XhoI sites from the polylinker of pBluescript SK (2),detected with FITC-conjugated affinipure Fab fragment goat anti-
Stratagene) was inserted immediately 39. The transcriptional fusionrabbit IgG (1:150). Unconjugated Fab fragment goat anti-rabbit IgG
was transferred directionally as a SacI–XhoI fragment into the y1(1:10 dilution) was used to saturate unreacted binding sites on the
marked P-element vector “C4” obtained from Pam Geyer (Universityprimary antibody. After incubation with the second primary anti-
of Iowa), which is similar to Y. E. S. but lacks the su(Hw) bindingbody, rabbit anti-Rh5 antibodies (1:10 dilution), Texas Red–
sites ([Patton et al., 1992] and P. Geyer, personal communication).conjugated goat anti-rabbit IgG antibody (1:200 dilution) was used
The construct was injected into y w; sr ninaE17 mutant embryos, andas the final secondary antibody. The concentrations used for rabbit
multiple P-element mediated germline transformants were obtainedanti-ninaE antibody was 1:250, and for rabbit anti-Rh4 antibody
using standard techniques (Karess andRubin, 1984). Three homozy-was 1:50.
gous lines were retained containing P[Rh115] transposon inser-For double labeling with primary antibodies from different host
tions on the second (line 153D) and third chromosomes (lines 14Cspecies (affinity-purified rat anti-Rh3 antibody and affinity-purified
and 64A).rabbit anti-Rh5 antibody), both primary antibodies were used to
label the sections simultaneously, followed by both secondary anti-
Electroretinogram Recordingsbodies. The dilution used for rat anti-Rh3 antibody and rabbit anti-
All recordings were carried out on immobilized white-eyed flies.Rh5 antibody were both 1:10. FITC-conjugated goat anti-rat IgG
Glass electrodes were filled with normal saline (0.8% NaCl). Lightantibody (1:200 dilution) and Texas Red–conjugated goat anti-rabbit
stimulation was by means of a xenon arc lamp (450 W Osram, OrielIgG antibody (1:50 dilution) were used to detect rat anti-Rh3 anti-
Corp., Stratford, CT). The light beam was passed through a seriesbody and rabbit anti-Rh5 antibody, respectively. All blocking and
of infra-red cut-off, neutral density, and narrow bandpass filters. Asecondary antibodies were obtained from Jackson ImmunoRe-
1 s pulse of dim 480 nm light was used as the stimulus. The ERGsearch Laboratories. Dissociated ommatidia from white eyed (w1118)
signals wereamplified with a WorldPrecision Instruments (Sarasota,adult flies and stage p15 pupae were prepared as described (Hardie
FL) Model DAM 50 amplifier and digitally stored or plotted from aet al., 1991; Ranganathan et al., 1991). Immunostaining of dissoci-
Hitachi (Sunnyvale, CA) Model VC 6025A oscilloscope.ated ommatidia was performed as described above. Immunostain-
ing of red eyed flies in Figure 7D was performed using a Vectastain
ABC Peroxidase kit from Vector Laboratories (Burlingame, CA) with Acknowledgments
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